This paper examines the environmental sensitivity of key elements of measurement systems, frequency synthesizers, and frequency distribution systems designed to achieve frequency stabilities of order u,(T) = 5 x i" in the short-term and 3 x 1 0 1 8 in the long-term. Specifically, we investigate the timing errors in signal transmission for distances up to 100 m and the effect of changes in temperature and rf amplitude on timing (or frequency) errors in several available phase detectors operated in different configurations.
Introduction
Several new types of frequency standards have been proposed that show a potential for a short-term frequency stability of approximately 2 x 101si'A and a long-term frequency stability less than 1 x lo-'' [l- 41. To measure frequency stability on this level and to construct the electronics of the local oscillator for interrogating the atomic system will require substantial improvements in key building blocks such as phase detectors within the measurement system, phase detectors used in frequency manipulation, and frequency distribution systems. To measure these new clocks, it is desirable to have a measurement system that reaches the clock performance at a measurement time no longer than 104 S . This requires a resolution of approximately u,,(T) = 2 x 10-l' at a measurement time of 104 S, or a timing error of 0.2 PS. Similar timing requirements apply to the frequency synthesis within the reference source and in the frequency distribution systems. Figure 1 shows the common elements of these systems. In this paper we investigate the timing errors in signal Contribution of the U. S. Government, not subject to copyright. transmission over distances up to 100 m and the effect of changes in temperature and rf amplitude on timing (or frequency) errors in several types of phase detectors operated in different configurations. 
Timine Errors In Signal Transmission
Potentially serious timing errors can occur due to the variation of transit time delay and the phase of the standing waves on the transmission line connecting the signal (clock) to the measurement system. The transit delay of a signal is given by the length divided by the velocity of propagation. Signals transmitted to the measurement system and reflected from the load and then from the signal source lead to phase change of the signal at the load. Changes in the voltage standing wave ratio (VSWR) therefore lead to changes in timing errors. The complete timing error from transmission is where L is the equivalent free space length of the transmission line, c is the speed of light, R is the propagation factor, U,, is the carrier frequency, V is the round trip attenuation, pI is the voltage reflection ratio from the load, pa is the voltage reflection ratio from the source (p = (VSWR -l)/(VSWR + l)), and 4 is the angle of the twice reflected wave at the load relative to the primary signal. This assumes that the next order of reflected waves can be ignored ((pp,)/q 4 1). The first term in (1) is independent of frequency while the second term s c a l e s as l/v,.
The variation in the timing error due to changes in L/(Dc) is potentially quite large for long transmission cables. Typical variations for several types of semirigid coaxial cables versus temperature are shown in Fig. 2 Table l .
At 5 MHz, 1/(4 v,) is 50 ns and typical numbers for p1 and ps are 1/3 (VSWR = 2). This can lead to large timing error variations since VSWR is often dependent on temperature, rf drive level, and even supply voltage. Significant improvements in the timing errors due to VSWR can be made by making pl, p,, and sin 9 small. At 5 MHz, for example, the timing error due to VSWR can be reduced below 11 PS by reducing VSWR below 1.1 at the source and load, and reducing sin 9 below 0.1. At 100 MHz this term can be made less than l PS by making VSWR < 1.1 and sin 9 c 0.1. The characteristic impedance of coaxial cables changes slightly from one batch to another which might require a small adjustment in source and load impedances for the most critical applications.
An alternative approach to the problem is to use twoway transmission measurements to correct for variations in the transmission medium. This technique has been pursued at the Jet Propulsion Laboratory (JPL) where they have concentrated on AM modulation of a laser transmitted over fiber optic cables to solve both the attenuation of the signal and timing errors for cable lengths up to 25 km. The JPL results [6], shown in Fig. 3 , are very impressive. Although this system is relatively costly, it is currently the only practical approach to long transmission distances due to the problem of attenuation. 4 GHz.
Timing error is T U~( T ) .
The dc voltage error originates from imbalance between the I-V curves of the diodes, imbalance in the various transformers, and asymmetric stray impedances. These imbalances are a function of the temperature and drive levels and therefore lead to changes in apparent phase or time with change in these parameters. The most important parameter that characterizes these effects is the isolation between the LO and rf ports and the IF port. Table 2 shows approximate dc offsets as a function of LO drive and isolation [7] . One set of curves was taken without attenuators and the others with either 3 or 6 dB attenuators on the rf and LO inputs. At 5 MHz the mixer with the individually matched diodes has a temperature coefficient of approximately 6 pslK when used with 6 dB pads, while the mixers with the quad diodes exhibit a temperature coefficient of about 25 pslK. The sensitivity to power changes is generally improved by adding 3 or 6 dB attenuators to the input
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O U T P U T Fig. 4 . Typical circuit diagram for evaluating the sensitivity of various phase detectors to variations in temperature and rf level. Power applied to attenuators (dB) Figure 5 . Timing errors in a double balanced mixer with individual discrete diodes at a camer frequency of 5 MHz as a function of drive power, input attenuation, and temperature. Power applied to attenuators (dB) Figure 6 . Timing errors in a double balanced mixer with a quad diode module, at a carrier frequency of 5 MHz as a function of drive power, input attenuation, and temperature.
ports. Without attenuators the power sensitivity is of order 1 ms/(dBvJ or 250 ps/dB. The improvement, due to the attenuator use on the rf and LO inputs, is thought to originate from the reduction in the cable VSWR generated by the phase detector load. 
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power applied to attenuators (dB) Figure 7 . Timing errors in a single balanced mixer with a dual diode module, at a carrier frequency of 5 MHz as a function of drive power, input attenuation, and temperature.
Figures 8 through 10 show the timing errors in selected phase detectors due to variations in input power at two temperatures for a carrier frequency of 100 MHz [S]. One set of curves was taken without attenuators and the others with either 3 or 6 dB attenuators on the rf and LO inputs. The performance at 100 MHz of all three phase detectors versus temperature and power is improved over the results at 5 MHz by approximately the ratio of the carrier frequencies. Temperature sensitivity is of order 0.2 to 1 ps/K.
The best temperature performance comes from the mixer with individually matched diodes. The power sensitivity is of order 0.1 to 1 ps/(dBv,,) or 1 to 10 ps/dB at 100 MHz depending on mixer type, input power, and attenuation. Power applied to attenuators (dB) Figure 9 . Timing errors in a double balanced mixer with a quad diode module, at a carrier frequency of 5 MHz as a function of drive power, input attenuation, and temperature. 5.7
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Power applied to attenuators (dB) Figure 10 . Timing errors in a single balanced mixer with a dual diode module, at a carrier frequency of 100 MHz as a function of drive power, input attenuation, and temperature.
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Power npplii lo nlknualon ,244-c (dB) -34.4.c 15.7 Figure 11 . Timing errors in a double balanced mixer with quad diodes, at a carrier frequency of 5 MHz as a function of drive power, input attenuation (6 dB with extra resistance), and temperature. Figure 12 shows a set of curves taken with the added resistor at a carrier frequency of 100 MHz. The mixer has a temperature coefficient of approximately 0.25 pslK. The power sensitivity proved to be less at lower power and ranged from 1.6 ps/dB to 4 psldB. The extra resistor for the 50 fl match helped to make the system less sensitive to the changes in the mixer temperature and power level. Figure 9 shows this improvement over the data taken before matching. Figure 12 . Timing errors in a double balanced mixer with quad diodes, at a camer frequency of 100 MHz as a function of drive power, input attenuation (6 dB with extra resistance), and temperature.
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Figures 13 and 14 show timing errors in a single balanced phase detector with an adjustable external output, a potentiometer, due to the variation in input power for two different temperatures. For a camer frequency of 5 MHz (Figure 13) , the mixer has a temperature coefficient of approximately 33 ps/K. This is quite different from data taken for a single balanced phase detector without an adjustable external output (Figure 7) . The fine tuning capabilities provide a more stable system that is less sensitive to temperature and power variations, providing a more stable system. Measurements taken at 100 MHz (Figure 14) show that the phase detector has a temperature coefficient of approximately 0.09 pslK and a power sensitivity of approximately 0.8 ps/dB.
Using the external adjustment to match the diodes we were able to achieve a minimum dc offset variation between power levels which allowed for a very stable measurement of the time variation with the temperature change. Figure 10 shows data for a similar single balanced phase detector without the external adjustment for matching capabilities. Figures 15 and 16 show the VSWR changes in the quad diode double balanced mixer with changing rf power. For a camer frequency of 5 MHz, shown in Figure 15 , the mixer VSWR exhibits a small dependence on power when it is matched to the 50 fl characteristic system impedance with an extra resistor added in series with the 6 dB pads on each input port. The low sensitivity of VSWR to power reduces timing error within the measurement system. At 100 MHz the mixer also has low sensitivity to changes in power when it is matched with the extra resistor ( Figure 16 ). These results also indicate that the VSWR is better at low powers as was evident at 5 MHz ( Figure 15 ). However, we find that there is less change in the VSWR at 100 MHz than at 5 MHz and we obtain an even smaller timing error in our measurement system. Figure 15 . VSWR in a double balanced mixer with quad diodes, at a carrier frequency of 5 MHz as a function of the drive power and input attenuation (6 dB and 6 dB with extra resistance for matching).
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Discussion
It is much easier to achieve the desired time domain performance of 6v/v, = 6t/t = 2 x io-" at a measurement time of 104 S for a carrier frequency of 100 MHz than at 5 MHz due to the sensitivity of currently available phase detectors to both temperature and rf amplitude. Even at 100 MHz it will probably be necessary to stabilize the temperature of the phase detectors to about 1 K and carefully match the characteristic impedance of the Figure 16 . VSWR in a double balanced mixer with quad diodes, at a camer frequency of 100 MHz as a function of the drive power and input attenuation (6 dB and 6 dB with extra resistance for matching).
coaxial cable. For distances of up to 100 m, existing coaxial cables are probably sufficient. For longer distances one must consider either AM modulation of a laser transmitted over fiber optic cables or using lower frequencies where the attenuation losses are smaller. The fiber optic has already demonstrated excellent performance for distances up to 25 km and is probably the best choice. Going to 5 MHz would require two-way timing measurements to correct for the time dispersion in the transmission medium and much more effort on stabilizing the operating parameters of the phase detector and lowering the effects of VSWR at the source and the load. Being able to match the diodes by using an external adjustment for tuning and matching the VSWR at the inputs seems most reasonable to accomplish the accuracy and stability that we want to achieve.
